ABSTRACT A wideband antenna with quad-polarization reconfigurable operation is proposed. It consists of a crossed tri-port feed linearly polarized (LP) radiation structure and a switchable feed network. A dual-port LP element with wideband characteristic and good port isolation is first introduced. The inherent 180 • phase difference (PD) between two feed ports vastly simplifies the complexity of the design and improves the efficiency of the feed network. By assembling two grooved LP elements, the crossed tri-port feed radiation structure is formed. Meanwhile, a wideband 90 • phase shifter and an unequal Wilkinson power divider are applied in designing the switchable feed network. Through controlling the PIN diodes implanted in the feed line, four working modes with equal amplitude and reconfigurable PD (0 • or 90 • ) are achieved. Based on this, the desired quad-polarization reconfiguration, including two orthogonal linear polarization (LP) states and two orthogonal circular polarization (CP) states, is realized. Measured results show that the proposed antenna has a wide overlapped operation impedance bandwidth of 84.5%, ranging from 1.36 ∼ 3.35 GHz, for all polarization states within a compact volume. The measured 3-dB AR bandwidth is 100%, covering the operation impedance frequency range. Radiation patterns exhibit unidirectional and stable quality from the point view of beam slant and split. Besides, a peak efficiency of 75% and a peak gain of 7.8 dBi are achieved.
I. INTRODUCTION
With the remarkable operation performance, polarization reconfigurable antennas (PRAs) have been gained increasing attentions in recent years. They can reconfigure the polarization status of receiving and transmitting microwaves through switching the DC control voltage conveniently. This can not only deeply enhance information capacity and frequency reuse of the wireless communication systems, but also greatly improve the link quality [1] - [4] . It is meaningful but challenging to design PRAs with wide bandwidths, compact sizes, multi-polarization selections, and stable radiation beams.
Generally, three ways have been widely used in polarization reconfiguration (PR). The first category [5] , [6] is based on switchable active polarizer, which reconfigures the polarization of the radiation waves through controlling the working state of the PIN diodes. The second category [3] , [7] - [17] is to reconfigure the antenna's radiation structure by switching PIN diodes to achieve reconfigurable radiation current distribution. The last category [1] , [18] - [22] is to rebuild feed structure or feed network to excite different operation modes of the antenna.
An active electromagnetic band gap (EBG) structure using varactors and resistors can work as a polarizer [5] . Through tuning and switching two DC biases, left hand circular polarization (LHCP) and right hand circular polarization (RHCP) waves in one desired operation band can be obtained. Another PR polarizer that contains two layers of 4 × 4 ring array is given in [6] . When the PIN diodes placed on the top or bottom layer are switched ON, respectively, the antenna can work at RHCP or LHCP status. This kind of antenna exhibits a high gain and low profile, whereas it presents a narrow operation bandwidth limited by the inherent resonance feature of the periodic structures and needs plenty of lumped components.
Patch antennas, using different radiation structures, such as a wheel-shaped radiation structure with loop stubs [7] , a microstrip monopolar with sequentially bends slots [8] , or a reconfigurable C-shaped slot [9] , are proposed to achieve broadband LP or CP reconfiguration. However, these designs are confronted with the limited polarization selectivity (less than three). Several patch antennas using reconfigurable feed ports [3] or shorting posts [11] can realize four reconfigurable polarization states, but they just operate at LP modes. Recently, a wideband design based on bowtieshaped dipoles [13] is reported. A wider overlapped bandwidth of 37.1% for five polarization states is obtained by switching three pairs of diodes properly. Besides, the PRAs based on magneto-electric (ME) dipoles [14] - [17] are also widely investigated due to their prominent merits such as wide bandwidths, high gains and low back lobes. Typically, in [17] , a modified ME dipole antenna with quad-polarization reconfiguration, including two LP modes and two CP modes, is obtained through controlling the PIN diodes between the radiation aperture and the feeding structures.
Using reconfigurable feed networks (RFNs) is another effective method to achieve PRAs. A reconfigurable Wilkinson power divider [1] , a QLQC [18] structure, or a quad-mode coupling structure [19] is designed to feed the radiation patches, which can realize LP and CP reconfiguration. Especially, combining with the sequentially excited radiation arms [20] , a CP reconfigurable antenna using a RFN achieves a wide bandwidth of 23.5%. In addition, PRAs based on substrate integrate waveguide (SIW) cavity [21] , [22] exhibit wide bandwidths, low profiles, and high gains. A stacked SIW patch array [22] fed by a RFN has achieved an operation with quad-polarization reconfiguration.
However, all these antennas aforementioned either possess the limited operation bandwidth no more than 40% or suffer from the restricted operation polarization states, bringing a constraint in wideband communication and multipolarization demand systems. In this paper, a wideband (more than 80%) quad-polarization reconfigurable antenna with stable unidirectional radiation patterns is proposed by using a crossed tri-port feed radiation structure and a wideband RFN. In order to achieve wideband directional radiation waves, a compact dual-port feed LP element based on tapered slot structure is proposed and studied firstly. By carefully designing the implanted location of the PIN diodes, good performances on port reflection characteristics and port isolation are obtained. The proposed LP element is excited by two antiphase ports, which introduces a 180 • phase difference (PD) inherently. This avoids designing the 180 • phase shifter when a RFN is used to accomplish PRAs. So the design complexity is simplified and the network efficiency is improved. The crossed tri-port feed radiation structure can be taken shape by assembling such two LP elements. A wideband RFN, which works at four switchable modes with different output PDs by configuring six PIN diodes, is designed to feed it.
By controlling two DC bias voltages, the desired wideband quad-polarization reconfiguration, including two orthogonal LP states and two orthogonal CP states, is realized.
The remainders are organized as follows. Sec. II presents the design process of the antenna, including the crossed triport feed radiation structure, the wideband RFN, the PIN diodes configuration and the quad-polarization reconfiguration realization, etc. Experimental results and analyses of the fabricated antenna are given in Sec. III. Performance comparisons between the proposed antenna and some other typical designs are made in Sec. IV. Conclusions are drawn in the final section.
II. DESIGN PROCESS OF THE ANTENNA
An implementation of one multi-feed antenna based on RFN for quad-polarization reconfiguration is shown in Fig. 1 , indicating that four polarization states can be obtained by switching different feed phase differences (0 • , 90 • , 180 • ) between the two orthogonal LP radiators. Thus, when multifeed method is used to design PRAs, the compactness and wideband characteristics of the LP element and RFN are imperative and are needed to be considered carefully. On the other hand, in order to generate unidirectional patterns, a reflector that can suppress backward radiation is usually employed. However, due to the limitation of the λ/4, it is difficult to realize stable and symmetric beams in a wide operation band. An effective solution is to design the LP element with stable directional radiation. 
A. WIDEBAND DUAL-PORT LINEARLY POLARIZED ELEMENT DESIGN
Due to their low cross polarization, wide operation band, stable and directional radiation patterns, antennas using tapered slot structure have been widely investigated [23] - [29] . Hence, a novel wideband dual-port LP element based on tapered slot structure is designed firstly. It is excited with two anti-phase ports, introducing a 180 • PD inherently. So there is no need to consider the 180 • shifter during the design process of the RFN. This will significantly simplify the design VOLUME 6, 2018 complexity of the RFN and dramatically improve the network efficiency.
The schematic configuration of the proposed dual-port tapered slot element is shown in Fig. 2 . It indicates that the element contains three metallic layers and two substrates. Rogers RO4003C is used as the substrate, which has a thickness of 0.813 mm, a relative permittivity of 3.38, and a loss tangent of 0.0027. The top layer consists of a stepped impedance feed line and a pair of grounded parasitic patches. The radiation part is printed on the middle layer, which includes a uniform slot-line and two symmetric flag-shaped radiant structures. In order to achieve a wideband characteristic, the outer edges of the flag-shaped structures are shaped as a linearly tapered structure. Another feed line which provides an anti-phase excitation is placed on the bottom layer. Compared with the top layer, the bottom layer has the same and mirrored configuration. It should be noted that, in our previous work [30] , the grounded parasitic patches are equivalent to a simple resonant dipole loading, introducing an additional resonant point to improve the operation bandwidth within a compact size. Besides, a closed path between the feed line layer and the middle layer is formed via the grounded parasitic patches. Thus DC currents will be obtained to keep the PIN diode working. Two anti-phase ports, named as Port 1 and Port 2, can be switched by controlling the PIN diodes (D1, D2) implanted in feed lines. Meanwhile, two DC bias pads and four SMD LQW18A Series wire wound inductors (390 nH) from Murata are used for DC supplying and RF choking, respectively. The silicon PIN diode BAR50-02L from Infineon Technologies is chosen due to its low capacitance, low forward resistance, and wide operation frequency up to 6 GHz [31] . Its equivalent circuit model is given in Fig. 3 . According to the datasheet [31] and our concerned frequency range (1 GHz ∼ 4 GHz), the equivalent series inductance (Ls), forward resistance (R f ), reverse parallel resistance (Rp), and total capacitance (Ct) are set as 0.4 nH, 3 , 5 k , and 0.08 pF, respectively. During the simulation process, this model has been taken into consideration. A test model based on a microstrip transmission line (with or without this PIN diode) is fabricated to investigate the characteristics of RAR50-02L. Measured results plotted in Fig. 4 show that the insertion loss is less than 0.4 dB and the isolation is better than 12 dB in the concerned band from 1 GHz to 4 GHz. In the design, Port 1 is activated when the DC bias V 1 is supplied with a positive voltage, while Port 2 works when the DC bias changes to a negative voltage. The final optimal dimension values are summarized in Table 1 . The implanted location (l) of PIN diodes affects performance of the element. Fig. 5 shows the simulated port voltage standing wave ratio (VSWR) and isolation curves with different locations of the PIN diodes. As shown in the figure, one can see that if PIN diodes are placed close to the slot-line, the port isolation especially in the low band deteriorates and the VSWR in the high band becomes slightly worse. On the other hand, if PIN diodes are located away from the slot-line, the port isolation and VSWR in the high band are suffered significantly. After optimization, the implanted location (l) is set as 5.15 mm (about 0.071 λ 0 , where λ 0 is waveguide wavelength at 2.5 GHz). Good wideband operation characteristic is achieved, where the impedance frequency ranges from 1.05 GHz to 4 GHz with VSWR less than 2:1, and the port isolation is better than 12 dB. Besides, the proposed element exhibits a relatively compact size of 0.37 λ×0.28 λ compared with some other typical designs (0.41 λ×0.48 λ [23] , 0.54 λ× 0.39λ [24] , 0.61 λ×0.33 λ [25] , and 0.37 λ× 0.33 λ [26] ), where λ is the free space wavelength at the lowest frequency. Figure 6 gives the simulated surface current distribution at three observed frequencies (1.5 GHz, 2.5 GHz, and 3.5 GHz). It indicates that the strong currents exist in the edges of the tapered slot structure with the symmetric characteristic. And owing to the symmetric currents, the proposed element exhibits the stable and symmetric radiation beams in the whole band, which are demonstrated in Fig. 7 . And the radiation patterns possess the directional characteristic with the forward cross polarization levels less than −30 dB. For the purpose of generating reconfigurable CP waves, two orthogonal LP modes with equal amplitude and quadrature-phase are required. Hence, a crossed tri-port (Port 1, 2, 3) feed radiation structure is designed. It can be easily taken shape by assembling two elements, named as Element 1 and Element 2 shown in Fig. 8. A groove with a   FIGURE 7 . Simulated far field patterns of the proposed tapered slot element in H-plane (xoz-plane) and E-plane (yoz-plane) at 1.5 GHz, 2.5 GHz, and 3.5 GHz. width of 1.662 mm and a length of 69 mm is deducted in Element 1. Similarly, another groove with the same width and a length of 11 mm is deducted in Element 2. Meanwhile, to avoid feed-line overlapping, the structure of Element 2 is shifted 1.2 mm along the tangential direction.
B. WIDEBAND RECONFIGURABLE FEED NETWORK DESIGN
The crossed tri-port feed radiation structure is introduced in Sec. II. A. When Port 1 or Port 2 is excited together with Port 3 using equal amplitude and in-phase signals, two orthogonal LP modes are generated. Otherwise, two orthogonal CP modes can be observed if the port signals are with equal amplitude and quadrature-phase. In order to achieve wideband quad-polarization reconfiguration, a wideband RFN is designed, which provides reconfigurable inphase and quadrature-phase two-way outputs. Figure 9 gives the geometry and key dimensions of the wideband RFN. It mainly consists of a wideband Wilkinson unequal-power divider (the power ratio between output ports is 1.2:1), a 90 • phase shifting line, a 0 • phase shifting line, and a reference line. Meanwhile, six PIN diodes of BAR50-02L are implanted to switch the phase shifting lines and the excitation ports. The odd-and even-mode theory in [32] and [33] can be utilized to analyze the circuit model of the wideband Wilkinson power divider and the wideband 90 • phase shifter.
Rogers 4003C with a thickness of 0.813 mm is used as the substrate. The desired RFN can be realized by properly switching six PIN diodes. For example, when D3, D5, D7 work at ON states and D4, D6, D8 work at OFF states, Port 1 and Port 3 are activated with equal amplitude and VOLUME 6, 2018 FIGURE 9. Geometry of the wideband RFN.
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• PD, while Port 2 is isolated. Simulated results drawn in Fig. 10 indicate that the proposed RFN can work at four modes by controlling these PIN diodes (D3∼D8). The operation modes contain two sets of wideband two-way outputs with the switchable 90 • and 0 • PDs. As shown, an operation frequency band (defined by 10-dB return loss, 1.5-dB insertion loss, and 18-dB port isolation) ranging from 1.2 GHz to 3.6 GHz is achieved. Furthermore, between the output ports, the amplitude differences are less than 0.5 dB and the phase deviations are no more than 8 • around the desired values (90 • and 0 • ).
C. BIASING AND POLARIZATION RECONFIGURATION REALIZATION
Based on the crossed tri-port feed structure and the wideband RFN investigated in Sec. II. A and B, the quad-polarization reconfigurable antenna is realized. Fig. 11 shows its 3D structure and the detail biasing circuit configuration of the RFN. As demonstrated, the proposed antenna contains a crossed triport feed structure assembled by two LP elements (Element 1, Element 2) and a wideband RFN with four operation modes.
Two DC bias voltages (V 1, V 2) are introduced to control the PIN diodes. The value of V 1 and V 2 is set as 1.5 V and 3 V, respectively. They can be provided by using two ordinary triple-A batteries. Via two holes dug on the RFN substrate, D1 and D2 can also be supplied with V 1. The SMD high frequency ceramic capacitors (51 pF) and wire wound inductors (390 nH) with 0603 package are used for DC and RF blocking.
In order to expound the biasing circuit preferably, a simplified equivalent circuit of the switchable network selected by the blue dotted line is also given in Fig.11 (b) . Its operation mechanism is explained as follows. When DC bias V 2 is set as a positive value, the excitation signals between Element 1 and Element 2 are with equal-amplitude and quadraturephase. Through switching DC bias V 1, the reconfigurable orthogonal CP waves are realized. On the other hand, if V 2 is set as a negative value, the excitation signals will be changed as equal-amplitude and in-phase. Hence, the reconfigurable ±45 • LP waves are achieved. The detailed polarization modes and PIN diode states with different DC bias voltages are summarized in Table 2 . Simulated VSWR and AR properties at four different operation states are drawn in Fig. 12 to verify the availability of this design. It is observed that the operation 2:1 VSWR bandwidth of LP states and CP states is 84% (1.38 GHz ∼ 3.38 GHz) and 122.4% (0.95 GHz ∼ 3.95 GHz), respectively. The simulated 3 dB AR bandwidth at CP states is 104% ranging from 1.15 GHz to 3.65 GHz. Moreover, the simulated radiation patterns of four polarization states at central frequency 2.5 GHz are given in Fig. 13 and Fig. 14. As shown, stable and symmetric unidirectional radiation patterns are obtained, and the cross polarization levels in forward are less than −20 dB.
III. ANTENNA FABRICATION AND MEASUREMENT
In order to verify the validity of the design, a prototype shown in Fig. 15 is fabricated and measured. Some plastic screws are used to compress the layers of the elements. Meanwhile, the electrical connection between the elements and the ground plane can be ensured by using a copper foil. VOLUME 6, 2018 A battery box which contains two dry cells is employed to supply the DC bias voltages (1.5V, 3V). It should be noted that two SMD current-limiting resistances of 3 and 6.2 marked with blue circles in Fig. 15 are implanted in series to provide the PIN diodes with proper working currents. The DC power consumption for all operation states is about 0.042 W (calculated by I 2 (R f /2+3)+I 2 (2R f + 6.2), where I is the operation current about 50 mA, and R f is the forward resistance R f about 3 ). Figure 16 shows the measured VSWR of the fabricated antenna at different polarization states. As demonstrated, the measured 2:1 impedance bandwidth is 84.5% (1.36 GHz ∼ 3.35 GHz) at LP states and 120% (1 GHz ∼ 4 GHz) at CP states, respectively. Good agreement between the measured and simulated results is observed. The measured peak gain and AR curves are drawn in Fig. 17 , which indicates that the proposed antenna exhibits the 3 dB AR bandwidth of 101% (1.15 GHZ ∼ 3.5 GHz) at LHCP state and 100% (1.15 GHz ∼3.45 GHz) at RHCP state. Moreover, a peak gain of 7.8 dBi at 3.3 GHz for all states is achieved. Compared with the simulated results, the discrepancies may come from the fabrication and assembling errors.
Measured far field patterns of the proposed antenna for all operation states at three test frequencies (1.5 GHz, 2.5 GHz, and 3.3 GHz) are given in Fig. 18 and Fig. 19 . As shown, one can see that the stable and symmetric unidirectional patterns are obtained across the whole working band, and the radiation beams become narrower as the frequency increases, yielding a higher gain. Furthermore, the measured radiation efficiency at the three test frequencies are 75%, 67%, and 62% for LP states, while 72%, 68%, and 60% for CP states.
IV. PERFORMANCE COMPARISON
Comparisons between the proposed quad-polarization reconfigurable antenna and other typically PRAs reported recently are summarized in Table 3 . Some key parameters, such as the number of the reconfigurable polarization states, the operation impedance bandwidth, 3 dB AR bandwidth, etc., are listed. Table 3 indicates that the proposed antenna realizes multipolarization including two orthogonal LP modes and two orthogonal CP modes. Besides, it employs an appropriate number of PIN diodes and DC bias voltages compared with others. By adopting a wideband crossed tri-port feed structure and a wideband RFN, the proposed antenna possesses the largest impedance bandwidth and axial ratio bandwidth within a compact volume. What's more, due to the symmetric radiation structure layout, it exhibits stable radiation patterns in the whole band from the point view of beam symmetry. The moderate peak gain and radiation efficiency are observed at the same time. As such, the proposed quad-polarization reconfigurable antenna shows a promising potentiality to be applied in some wide frequency range and multi-polarization demand wireless communication systems. VOLUME 6, 2018
V. CONCLUSION
A novel wideband antenna with the capability of quad-polarization reconfiguration is proposed. Firstly, a crossed tri-port feed radiation structure based on two compact LP elements is investigated for wideband radiation. Then, a wideband RFN composed of an unequal Wilkinson power divider and a wideband coupled-line 90 • phase shifter is designed to excite the orthogonal feed ports. By properly controlling the PIN diodes implanted in the network, four operation modes with equal amplitude and reconfigurable PD are obtained. On this basis, four polarization states including two orthogonal LP modes and two orthogonal CP modes are realized. The proposed antenna exhibits a measured overlapped impedance bandwidth of 84.5% (1.36 GHz ∼ 3.35GHz) and a measured 3 dB AR overlapped bandwidth of 100% (1.15 GHz ∼ 3.45 GHz). Compared with some other PRAs reported in recent years, the proposed one not only possesses the widest working bandwidth, but also shows the stable far field patterns within a compact volume. The proposed antenna is a good candidate to be applied in some wideband and multi-polarization demand systems. Dr. Liu is a fellow of the Acoustical Society of America, a member of Phi Kappa Phi and Tau Beta Pi, and a full member of the U.S. National Committee of URSI Commissions B and F. He received the 1996 Presidential Early Career Award for Scientists and Engineers from the White House, the 1996 Early Career Research Award from the Environmental Protection Agency, and the 1997 CAREER Award from the National Science Foundation. He currently serves as an Associate Editor for Radio Science and the IEEE TRANSACTIONS ON GEOSCIENCE AND REMOTE SENSING, for which he also served as a Guest Editor for a Special Issue on Computational Methods. VOLUME 6, 2018 
